-dichlorethylene) cause a wide spectrum of effects and injury in hepatocytes. One early effect of these compounds is the inhibition and destruction of the endoplasmic reticulum (ER) calcium pump. Subsequent to inhibition of this pump, the ER calcium pool is depleted and cytosolic levels of calcium are increased for a prolonged period of time. This effect of halocarbons has been characterized and is similar in vivo and in vitro. The importance of this redistribution of cell calcium in expression of halocarbon injury of hepatocytes has not been fully resolved. Several degradative enzymes (phospholipases, proteases) have been implicated as calcium-dependent mediators in toxicity. Our preliminary studies of the effect of calcium redistribution suggest that activation of a calcium-sensitive endonuclease in liver does not play a central role in initiating the lethal effect of halocarbons on hepatocytes.
Introduction
Cytosolic calcium is an important regulator of the activity of many metabolic and structural proteins. Cells normally maintain cytoplasmic calcium at very low levels. Calcium concentrations briefly rise severalfold in response to physiological stimuli (1) . The potential role of disrupted calcium flux in chemically induced liver injury have been examined (2) (3) (4) (5) (6) . Recently, attention has turned to examining early alterations of intracellular calcium homeostasis as causative in halocarabon-induced lethal injury (7) (8) (9) .
Thetlow resting concentration of ionized calcium in cytosol is maintained by active compartmentation processes. The level of ionized calcium in cytosol is determined by the cooperation of at least three compartmentation processes-the plasma membrane Ca2'-stimulated, Mg2"-dependent ATPase, the endoplasmic reticulum (ER) Ca2'-stimulated, Mg2+-dependent ATPase, and the mitochondrial Ca2+/H' antiporter. Microsomal fractions isolated from a number of nonmuscle cells and tissues have an energy-dependent calcium uptake system (10) (11) (12) . The calcium pump in this fraction is thought to principally represent activity of the endoplasmic reticulum (ER). Several investigators have noted similarities between these calcium pumps and the skeletal muscle sarcoplasmic reticulum calcium pump. These similarities suggest that the ER (microsomal) calcium pump functions to sequester cytoplasmic calcium and, thus, participates in regulating ionized calcium in the cytoplasm and maintaining a releasable, intracellular pool of calcium.
Reynolds and co-workers (13) first observed a selective loss of calcium from the endoplasmic reticulum of rat liver after administrations of CC14. Subsequently, it was demonstrated that CC14 rapidly causes the inhibition of the ER calcium pump (14) . This pump is thought to play an essential role in regulating cytoplasmic calcium and to provide an intracellular pool of calcium in the hepatocyte that can be released in response to exogenous stimuli. When this calcium pump is destroyed, a pool of calcium appears to be released from the ER (15) . More recently, we have demonstrated that cytoplasmic concentrations of ionized calcium increase rapidly and for prolonged periods both in vivo (15) and in vitro (16) after an animal or hepatocytes are exposed to CC14 or 1,1-dichloroethylene.
The Calcium Hypothesis
The calcium hypothesis of acute cell injury suggests that something happens during toxic injury to overload the normal homeostatic mechanisms maintaining ionized cytosolic calcium in the nanomolar range. The overload could occur by the toxicant damaging one or more of the energy-dependent calcium sequestration mechanisms, or by the toxicant allowing a massive influx of extracellular calcium. Halocarbons appear to inhibit or destroy either the ER or plasma membrane calcium pumps and in some cases to selectively increase membrane permeability to calcium.
A number of toxic events, including exposure to halocarbons, have been shown to elevate ionized calcium in cytoplasm to supraphysiological levels or for supraphysiological times. Currently, the element missing is demonstration of an event common to all toxicant models and resulting from calcium levels outside the normal range.
Effect of Halocarbons on Intracellular Calcium
Effect on the Endoplasmic Reticulum Pump and Cytosolic Calcium
Results from in vivo experiments are presented in Figure 1 . Following a hepatotoxic, but not lethal, dose of CC14, the ER calcium pump activity declined to 35% of control by 30 min. Pump activity remained depressed throughout the experiment and was 6% of control by 8 hr. In livers from rats that received CCl4, phosphorylase a activity was 133% of control by 30 200 , , (17) . These observations allow us to use phosphorylase a activity as a measure of ionized calcium in rat liver cytoplasm. The activity of another endoplasmic reticulum enzyme, glucose-6-phosphatase, activity was not significantly affected until 2 hr (71% of control). By 8 hr this enzyme activity was approximately halved. In contrast, this enzyme is not inhibited after exposure of an animal to toxic doses of 1,1-dichloroethylene, a halocarbon that does not initiate lipid peroxidation (18, 19) . Activity of the plasma membrane enzyme 5'-nucleotidase was not effected by CCl4 administration. To confirm the effect of CCl4 on phosphorylase a levels, glycogen concentrations in liver were examined. Liver glycogen content was reduced to 68% of control as early as 30 min, and glycogen concentrations declined progressively until 24 hr after CCl4, when liver glycogen could not be detected. Serum levels of glutamic-pyruvic transaminase were elevated by 8 and 24 hr to 9-fold control. (20) . After CC14, permeability of plasma membrane vesicles to calcium is substantially increased (21) . In contrast, not all hepatotoxins inhibit the ER calcium pump; bromobenzene and acetaminophen inhibit only the hepatic plasma membrane calcium pump (20) .
Effect on Mitochondrial Calcium Sequestration
In vivo mitochondrial calcium sequestration is not inhibited by CCI4 (14) , and mitochondria accumulate great quantities of calcium parallel to tissue death, thus increaseing the total calcium in the liver (13, 14) . In hepatocyte culture exposed to a range of CC14 concentrations, mitochondrial as well as ER calcium sequestration could be depressed (Fig. 3) . The data presented in this figure suggest that, in our culture CC14 (pL/mL medium) FIGURE 3. ER and mitochondrial calcium sequestration in material isolated from hepatocytes exposed to CCI4. Hepatocyte cultures were exposed to CC14 (0.01 to 0.2 gL/mL or vehicle for 5 min).
Cells were then homogenized and promptly assayed under conditions optimized for 45Ca sequestration by ER (0) or mitochondria (0 
Effect of Altered Calcium Homeostasis on Cell Function
The relationship between a sustained increase of cytosolic calcium and toxicity by a number of halocarbons has lead several groups to search for a mechanism or mechanisms by which an increase of calcium could initiate an event or events ultimately leading to death of the hepatocyte. It is assumed that a prolonged increase of ionized calcium to supraphysiological levels may cause a profound and prolonged stimulation of a normal (physiological) process that irreversibly alters the plasma membrane and destroys the semipermeable character of the plasma membrane.
Recently, several groups have examined whether or not phospholipase activation may contribute to the expression of toxicity in hepatocytes. Hydrolysis of phospholipids is increased after a toxicant insult (22) (23) (24) (25) . It is widely recognized that calcium plays some role in the control of intracellular proteolysis in several tissues. This system is best characterized in skeletal muscle (26) . Activation of nonlysosomal proteases in hepatocytes has been demonstrated following exposure to a toxicant (27) .
Effect of Increased Cytosolic Calcium on Endonuclease Activity
Endonucleases are among the hepatic enzymes having activity that can be stimulated by Ca2" (28, 29) .
Activation of endonucleases has been implicated in thymocyte killing produced by glucocorticoids both in vivo (30, 31) and in vitro (32) . We have examined whether or not liver endonuclease activity is stimulated by this increase in intracellular ionzed calcium and if such activation could play a role in initiating the ensuing hepatotoxic events 
